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ABSTRACT
Liquid fuels are desirable in aerospace applications due to their higher energy density when
compared to gaseous fuels. With the advent of detonation-based engines, it is necessary to
characterize and analyze how liquid fuel interacts with detonation waves as well as shocks to
ignite. While liquid fuel sprays have been proven to successfully aid and sustain detonations, the
physical mechanism by which the individual liquid droplets accomplish this is yet to be
understood. Such knowledge allows for more predictable detonation properties, which in turn
can let detonation-based engines be sustained more easily. This research seeks to quantify and
characterize interactions of liquid fuels with detonations and shocks, analyzing the breakup
mechanism as well as the ignition of select fuels. Such effects will be characterized for several
different mixture compositions as well as shock and detonation speeds. Primary analysis
techniques include shadowgraph, Schlieren, and chemiluminescence imaging. Data on pressure
will also be taken with pressure transducers to confirm shock and detonation properties. This
research will further the progress of liquid fuel detonation-based engines by enabling more
predictable and sustainable detonations.
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CHAPTER 1:
INTRODUCTION
Conventional deflagration combustion of liquid fuels has been the most prevalent topic of study
in propulsion since the advent of the internal combustion engine [1]. Characterizing the process
of liquid fuel combustion from injection to burning is integral to the operation of a liquid-fed
engine; thus, significant research has been pursued towards droplet vaporization and liquid
breakup regimes [2] , [3] , thermal ignition [4], and burning rates [5–7]. However, with the
advent of the pulse detonation engine (PDE) and rotating detonation engine (RDE), the
combustion community requires a more unique understanding of liquid fuel interactions with
shock waves, the shock-flame coupled phenomenon, and detonation waves. Spray-based liquid
fuels have been shown to successfully aid and sustain detonations [8], but the physical
mechanism by which the individual droplets accomplish this has yet to be investigated. By
examining how liquid fuels interact with the aforementioned phenomenon, the research will lead
to more reliable detonation-based propulsion through an understanding of breakup and
subsequent ignition mechanism experienced by liquid fuels in environments which are
representative of detonation-based engines. Outside of propulsion, droplet breakup is highly
pertinent to other growing fields as well, such as gas atomization of liquid metals to produce
metal powders. Additive manufacturing of metals through methods such as selective laser
melting (SLM) necessitates the use of regular, spherical powders. The creation of such uniform
particle size distributions and spherical particle shapes is closely related to the breakup
mechanism of liquid droplets.
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CHAPTER 2:
LITERATURE REVIEW
2.1

Liquid Fuels

While it is known that smaller droplets react more readily by maximizing the surface area to
volume ratio, [9,10] breakup mechanisms in supersonic flows which may lead to the creation of
smaller droplets are not well characterized [11]. More simple situations are more understood;
Hanson determined that breakup is due to flow velocity and not the shock wave itself [4]. These
resulting breakup regimes, bag breakup, shear strain breakup, and catastrophic breakup, have
been characterized in many studies [6,12–16]. Advances in imaging technology which allows for
higher resolution and higher speed have allowed researchers to better delve into breakup
phenomena which were previously impossible to investigate [5,6,17,18].
It is understood that liquid fuel can be used to assist detonation waves, as documented by
Nicholls [19] and others [8,20]. When igniting, liquid fuels thermally choke the propagating
detonation wave similarly to gaseous detonation [21]. Furthering the understanding of liquid
behavior in supersonic reacting and non-reacting flows is essential to maximizing the full
potential of detonation-based engines like the RDE [22–24]. Consistent and predictable ignition
qualities will allow for optimal detonation propagation.

2.2

Detonation-Based Engines

Research into detonation-based engines is becoming increasingly prevalent. Theoretically,
detonation-based combustion engines would reach higher thermodynamic efficiencies than
conventional deflagration engines due to the nature of detonations; while current combustors
function similarly to a Brayton Cycle with compression and expansion, detonation-based engines
2

utilize constant volume combustion [25]. This allows for increased performance due to the
increases in pressure and temperature associated with sustaining the detonation [26]. One
application of this phenomenon is the rotating detonation engine (RDE), which functions by
allowing a detonation wave or waves to be maintained in an annulus [27–29]. The detonation
continues due to a constant influx of fuel, either in gaseous or liquid form. Liquid fuel is
desirable for some applications due its higher energy density, but the reaction and creation of
products occurs slower when compared to gaseous reactants. To remedy this, it is desirable to
atomize the liquid, forming microscale droplets which react more readily than macroscale liquid.
Pertaining to both the PDE and RDE, research on liquid fuel assisting detonations increases the
viability of detonation-based engines operating on liquid fuels for propulsion applications. Given
the high dependence on reactant mixture for detonation propagation [30], understanding how to
consistently ignite the liquid fuel is crucial to maximizing detonation engine efficiency.
It is also important to note that in detonation-based engines, especially RDEs, fuel interactions
are not limited to just detonations. Oftentimes, decoupled-shock flame complexes as well as
shocks are present in the system [3]. Because of this, it is also necessary to examine how liquid
fuels interact with not just detonations, but also shocks and decoupled flames, as they are still
relevant to scenarios experienced in engines.
This research seeks to investigate the effects of shocks as they interact with liquid fuel,
showcasing the ability to ignite liquid ethanol. This will in turn demonstrate that sufficiently fast
shocks can ignite more complex fuels, while also addressing droplet breakup mechanisms
typically seen in supersonic flows. This work aligns closely with the development and
optimization of liquid-based detonation engines.
3

CHAPTER 3:
EXPERIMENTAL APPARATUS AND PROCEDURES
3.1

Turbulent Shock Tube Configurations

A stainless-steel turbulent shock tube (TST) was used to conduct the shock and detonation
interaction experiments. This facility was designed to study deflagration to detonation transition
for gaseous fuels [8] and thus could be adapted to produce a range of reacting flow cases from
weak shocks to strong shocks, also leading up to strong detonations [31–33]. The TST facility
consisted of three sections: the pre-detonator, the plenum, and the test section, each at a constant
45 mm square cross-section. A schematic is shown in Figure 3-1.

Figure 3-1: Schematic of TST facility, with liquid column and droplet generator in-situ

The pre-detonator injects a stoichiometric hydrogen and oxygen mixture into a 30 cm length
Shchelkin spiral to consistently produce detonations that can be input into the facility [34]. The
pre-detonator fires the detonation into the 15 cm long plenum, which serves as an expanding
volume that allows for the Shchelkin-based detonation to decouple into a M = 2.5 propagating
shockwave and flame front. Depending on the pre-detonator flow rate, the detonation can remain
decoupled, thereby passing a shockwave through the test section, or the detonation can reform.
This control allowed for both shock and detonation interactions to be studied in this facility. The
4

test section was composed of two 100 mm by 45 mm fused silica line of sight viewing windows
on both sides of the test section for Schlieren diagnostics. The droplet generator was placed
approximately 30 mm after the beginning of the viewing window such that the incoming flow
could be examined pre- and post-liquid interaction.
The results of this configuration yielded clear images of breakup of the fuel, but inconclusive
ignition characteristics due to the limitations of Schlieren imaging; only the silhouette is visible
without showing illumination caused by ignition. This demonstrated the need for simultaneous
Schlieren and chemiluminescence imaging, which was used in the following configuration to
confirm the ability of shocks to ignite fuel.
A mixture of methane, oxygen, and nitrogen were injected into the facility at lean ratios to ensure
the flame front was sufficiently decoupled. At richer ratios and higher mass flow rates, the
detonation tends to reform, but to investigate the effect of the shock on the droplet, it was
desirable for the flame and shock to be as decoupled as possible so only the shock could cause
ignition. Shock Mach numbers reached 2.2. This shock speed was desirable because it would
allow ethanol to reach its autoignition temperature. The droplet generator was similarly situated
to the previous configuration but modified to create smaller droplets.

5

3.2

Droplet Generator Design

To form the droplets or liquid columns, a 3D printed system based on Ionkin’s design was used
[35]. The dimensions of the nozzle geometry remained consistent with Ionkin but used a
different actuation system. Both designs are compared in Figure 3-2. In lieu of a piezoelectric
actuator, a solenoid valve was used to initiate the liquid injection. The system would be filled
with fuel, then depressurized with the solenoid valve, creating a vacuum. The solenoid could
then be opened for varying times to release the system, forcing the liquid down into the nozzle
and forming a droplet or column. A pulse width of 5 ms was found to be sufficiently small to
create a short liquid column followed by consistent droplets, with dimensions shown in test
matrices contained in the results section. Smaller pulse widths were desirable, such that singular
droplets could be formed, but further fidelity was severely limited by the actuation response time
of the solenoid valve and the brief resonance time of liquid fuel in front of the propagating shock
or detonation within the test section.

Figure 3-2: 3D printed droplet generator designs, Ionkin (left), Solenoid Configuration (middle), Port Fuel Injector
(right)

3.3

Imaging Techniques

To characterize the interface between the liquid droplet or column and the incoming shock or
detonation, a double mirror, Z-configuration Schlieren imaging setup was used. Both the liquid
6

breakup mechanism and burning initiation could be comprehensively captured with a Photron
SAZ camera imaging at 80-100 kHz. Additionally, PCB Piezotronics ICP high-frequency
pressure transducers were placed upstream and downstream of the test section to validate shock
and detonation regimes, and propagation speeds passing the windows. Pressure transducers were
sampled at 1 MHz, as per previous TST experiments. Schlieren imaging allows for the capture of
the silhouette of what is physically happening, whereas chemiluminescence imaging displays
only light produced by chemical reactions, such as the creation of hydrocarbons through ignition
of fuel. To accommodate both imaging methods simultaneously, up to two Photron SAZ cameras
were used at once.
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CHAPTER 4:
RESULTS AND DISCUSSION

4.1

Pre-Shock Breakup
Table 1: Pre-Shock Breakup Test Matrix

Figure Number
Energy Deposition
Mixture Composition
Equivalence Ratio Φ
Gas Pressure (PSI)
Flame Regime
Liquid Fuel
Mach Number
Droplet Size (mm)
Column Width (mm)

1
Spark
Predet
CH4+O2+N2 H2+O2
0.85
N/A
80
Shock
Shock
H20
RP2
2.4
1.4
N/A
N/A

18

19
Predet
H2+O2

1

1
100
Shock
RP2

1.5
1.2

2
1.3
N/A

This work seeks to characterize liquid fuel interactions with shocks as well as different flame
regimes. One phenomenon encountered was the existence of liquid droplet breakup before the
shock or flame regime reached the droplet. This pre-shock breakup regime would need to be
diagnosed before further investigation of the liquid-shock and flame interactions could be
researched. These effects are described in the figure below, which shows a liquid droplet
compressing into a disk before breaking up by bag breakup before a shock interaction occurs.
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Figure 4-1: Pre-Shock breakup effects

Two variables were tested to determine the cause of these effects: the presence of turbulators
before the test-section, which could create a pseudo-jet flow with the incoming gasses,
interacting with and breaking up the droplet, or the energy deposition method. In the
aforementioned case, a shock was created with a gaseous fill spark ignition rather than a predetonator. This method of shock creation deposits more reactants into the test section when
compared to the pre-detonator method, and as such could interact with the liquid before the
shock, producing breakup. To test for this, the following experiments were conducted. Both
switched the gaseous fill spark ignition method with a pre-detonator, one removed the turbulators
entirely, and one kept the number of turbulators constant. The following figures display these
cases and show that neither experienced any sort of pre-shock breakup.
9

Figure 4-2: Absence of Pre-Shock breakup (pre-detonator used, no turbulators present)

Figure 4-3: Absence of Pre-Shock breakup (pre-detonator used, turbulators present)
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Since pre-shock breakup did not occur regardless of the presence of turbulators, it was
determined that the energy deposition method was the cause of the precompression region. With
these effects diagnosed, the next avenue of testing could begin.

4.2

Breakup Timescale
Table 2: Breakup Timescale Test Matrix

Slide Number
Energy Deposition

20, 21
Spark

Mixture Composition
Equivalence Ratio Φ
Gas Pressure (PSI)
Flame Regime
Liquid Fuel
Mach Number

CH4+O2+N2 CH4+O2+N2 CH4+O2+N2
0.79
0.91
1.1
N/A
N/A
N/A
Shock
Fast Flame
Shock-Flame
RP2
RP2
RP2
2.2
2.5
5

Droplet Size (mm)
Column Width (mm) N/A

22, 23
Spark

1.2

24
Spark

1.4
N/A

1.36
N/A

To reconcile breakup of shocks with different flame-regimes, testing was conducted to compare
the total breakup timescale of fuel droplets when interacting with a shock, a decoupled shockflame complex, and a detonation. The next several figures show this phenomenon.
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Figure 4-4: Isolated Shock (Pre-Shock Breakup)

Figure 4-5: Isolated Shock (Post-Shock Breakup)
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Figure 4-6: Decoupled Shock-Flame Complex (Pre-Shock Breakup)

Figure 4-7: Decoupled Shock-Flame Complex (Post-Shock Breakup)
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Figure 4-8: Detonation (Pre and Post Shock Breakup)

In the shock case, the droplet experiences 2860 μs of breakup before the shock and 420 μs of
breakup after the shock, for a total of 3280 μs. This case experienced multimode breakup, or
breakup similar to both bag breakup and shear stripping. The decoupled case experienced 1540
μs of breakup before the shock, 220 μs after the shock, and a total of 1760 μs. The dominant
breakup mechanism in this case was shear-induced stripping. The detonation case experienced
breakup only after the interaction with the detonation, for a total of 110 μs, heavily dominated by
catastrophic breakup. These results imply that the detonation induces breakup in liquid fuels
most effectively, due to its significantly higher velocity as well as the high-energy close reacting
front. Even controlling for the pre-shock breakup, the detonation case consumes the droplet
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approximately twice as fast as a decoupled shock-flame complex, which consumes the droplet
nearly twice as fast as a shock alone.
When applied to RDEs, the breakup of this timescale implies that, predictably, it is desirable to
maintain a detonation throughout the duration of engine ignition. However, it should also be
noted that, especially in the decoupled case, a significant percentage of the liquid is consumed on
a similar timescale to a detonation. A detonation consumes a droplet entirely by 110 μs, but the
decoupled case consumes a large majority of the liquid in the same timeframe. The liquid broken
up and ignited in this timeframe will still contribute to maintaining and adding to energy in the
engine, with the possibility of progressing the decoupled complex to a detonation. This
phenomenon is further investigated in the Interactions with Flame Regimes section.

4.3

Shock-Driven Fuel Ignition
Table 3: Shock-Driven Fuel Ignition Test Matrix

Slide Number
25
26
Energy Deposition
Spark
Spark
Mixture Composition CH4+O2+N2 CH4+O2+N2
Equivalence Ratio Φ
0.85
0.85
Gas Pressure (PSI)
N/A
N/A
Flame Regime
Liquid Fuel
Mach Number
Droplet Size (mm)
Column Width (mm)

Shock
JP10

Shock
Ethanol
2.4

1.3, 0.75
N/A

2.4
1.2, 0.8
N/A

With breakup timescales and mechanisms characterized, the next tests sought to show the ability
of shocks alone to ignite liquid fuel, as showcased by Nichols. The following images will
attempt to display this ignition process. The left column images were created using Schlieren
15

imaging, while those on the right are from chemiluminescence taken simultaneously. While
Schlieren shows the silhouette of what is physically occurring, the chemiluminescence images
showcase only the chemical reactions which occur, such as ignition of fuels. The following
figure shows results typical of several tests which attempted to show ignition of two practical
fuels (RP-2 and JP-10) by fast shocks.

Figure 4-9: JP10 Shock Driven Ignition Results

The broadband chemiluminescence column is entirely black because no ignition occurred at
these speeds. While the theoretical post shock temperature exceeded the autoignition temperature
of both fuels (598K vs 568K and 483K for RP2 and JP10, respectively), the fuels would not
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readily ignite in the timescale analyzed. One possible reason for this was that RP2 and JP10 are
not extremely volatile fuels; their flash-point temperatures, 301K and 311K respectively, exceed
STP conditions. Due to this, no ignitable vapors were present around the fuels at the point when
the shock interacts with the liquid. To test for this, ethanol was used as a surrogate fuel due to its
lower auto-ignition temperature (285K). The results of the ethanol test are contained in the
following figure.

Figure 4-10: Ethanol Shock Driven Ignition Results

In the chemiluminescence column, clear ignition is visible from the moment the shock interacts
with the fuel at 10 μs. This figure serves to prove that ignition can be caused by a shock alone
under the right conditions.
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4.4

Flame Regime Interactions
Table 4: Flame Regime Interactions Test Matrix

Figure Number
27
28
29
30
Energy Deposition
Predet
Predet
Predet
Predet
Mixture Composition H2+O2 H2+O2 H2+O2 H2+O2
Equivalence Ratio Φ
1
1
1
1
Gas Pressure (PSI)
60
80
100
120
Fast
Shock
Flame Regime
Deflag
Flame
Flame
Detonation
Liquid Fuel
RP2
RP2
RP2
RP2
Mach Number
1
1.5
2
5.3
Droplet Size (mm)
2.38
N/A
N/A
2.38
Column Width (mm)
1.37
1.74
1.74
1.37

It has been theorized that with a strong enough shock a liquid droplet can instantaneously
breakup, ignite, and transition to a detonation [19]. While this work does reveal ignition of the
liquid fuel, it is assisted with a stoichiometric hydrogen-oxygen reacting mixture. The results
from this study are revealed in Figure 4-1. The gaseous mixture in the chamber is maintained at a
stoichiometric mixture however the composition mixture of the pre-detonator mixture pressure is
increased to create stronger shocks in varying flow regimes. The resulting interactions were then
characterized through velocity measurements and normal shock relations.
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Figure 4-11: Mach Number in Test Section at Various Pre-detonator Pressures

In Figure 4-2a, a slow deflagration with a shock traveling around Mach 1.0 passes through a 1.37
mm column and a 2.38 mm droplet. The liquid breakup is observed in these images, however,
with the 473K autoignition temperature of RP-2 and the post-shock gases calculated to be at 325
K, ignition does not occur. It is noted that the stream does appear to act as a barrier, nearly
quenching the subsequent subsonic flame and causing significant deceleration. The following
column, Figure 4-2b, reveals a fast deflagration crossing through a 1.74 mm RP-2 column.
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Figure 4-12: Effect of Fuel on Different Flow Regimes

In this fast deflagration case, the slightly faster Mach 1.5 shock leads to a post-shock temperature
of 360 K. While this is still not enough to cause ignition, significantly more breakup is
witnessed. Again, the flame appears to slightly decelerate coming into the frame, likely from the
opposing shockwave stemming from the column. However, the breakup, in this case, is
significant enough to mix and ultimately accelerate the flame front. In the following case, shown
in Figure 4-2c, a shock-flame complex with a choked flame interacts with a 1.74 mm column. In
this case, although the initial Mach 2.0 shock is not strong enough to ignite the column, it does
promote breakup as it is within 15% of the autoignition temperature. Following the breakup, a
flame and compressed region traveling at nearly 1,600 m/s, with a corresponding temperature of
754 K ahead of the reaction front driven by compressibility [36], does initiate ignition in column
20

mist. This reaction then rapidly propagates throughout the liquid field causing the bulk flow to
reach Chapman-Jouguet (CJ) detonation conditions. In the final column, Figure 4-2d, a
stoichiometric hydrogen-oxygen deflagration to detonation transition event occurs around a 1.37
mm column and 2.38 mm droplet. The column forms a strong shock and then ignites 25 μs later,
likely due to the high temperatures driven by the detonation.
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CHAPTER 5:
CONCLUSION
This experiment sought to showcase several liquid fuel interactions with supersonic reacting and
non-reacting flows. The breakup timescales and mechanisms were shown for shocks, decoupled
shock-flame complexes, and detonations, revealing that flame regimes breakup liquid fuels
significantly faster as their speed and energy increase. The ability of shocks to ignite fuel was
confirmed with Mach numbers as low as 2.4. Finally, results were found which support the
implementation of liquid fuels in detonation-based engines such as RDEs, because the fuel was
found to sustain and accelerate the supersonic reacting flows, aligning with the results implied by
the breakup timescales.
Future work can utilize faster shocks to allow for greater temperature rises to ignite more
practical fuels, such as RP-2 and JP-10. Another possibility to accomplish clearer ignition would
be to preheat the fuels above their flash point temperatures, allowing vaporization of the fuel to
occur to an extent before the shock arrives, aiding ignition. To confirm the results with more
confidence, the chemiluminescence imaging could benefit from the addition of a CH filter,
showing only the creation of hydrocarbons associated with ignition. This method was not
implemented in this experiment because the shock tests utilized a methane mixture to achieve the
highest post-shock temperature rise possible, prohibiting the use of a CH filter. Smaller drop
sizes would also aid ignition ability, which would require the use of a different droplet generator
design with higher pressure and smaller nozzle diameters. Additionally, a higher magnification
lens used on the camera would allow these smaller droplets to be analyzed with greater precision.
Further quantification of breakup mechanisms which occur before the shock would allow for
higher fidelity results as well.
22
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